A Controlled Flight Into Terrain (CFIT) accident is one in which the pilots of the aeroplane which has crashed believe that they had complete control of the aircraft and a full and total awareness of the position of the aircraft in relation to the ground. An aircraft destroyed prior to contact with the terrain does not belong in the category of CFIT, nor does flying an aircraft deliberately into a building or the terrain. An inspection ofFigure 1, which shows for 1991 -2002 the hull-loss accidents world-wide during approach and landing for commercial jet aircraft of weight greater than 60000lbs (and includes fatal and non-fatal accidents), would seem to indicate a reducing trend. However, in the second half of the year 2002 there occurred two major CFIT accidents in which the number killed was greater than 400; 2002 was the worst year since 1990 for CFIT accidents. Technology introduced recently into aircraft to reduce the number ofCFIT accidents has not produced the expected improvement in flight safety. Nor has the availability of radar assistance from the Air Traffic Control services led to any improvement. Yet during that same period there has not been a single accident when using automatic landing systems, nor has there ever been an accident involving commercial jet aircraft using automatic landing. This is of great importance, for if fully automatic flight is accomplished, the same level of safety should be obtained. Analysis of the CFIT approach and landing accident figures shows that the majority occurred during non-precision approaches, i.e. approaches during which no vertical guid-17& Measuremem+Control VII 36/6 July 2003 ance was available. Indeed, in the twelve month period from July 2001 to July 2002 there were 9 major aircraft accidents. of which 6 were CFIT during non-precision approaches.
Aircraft Approaches
Pilots of aircraft can adopt many different types of nonprecision approach including VHF direction-finding (VDF), using non-directional beacons (NDB), using VHF Omni-range (VOR), using just the ILS Localizer, and a basic visual approach. None of these types is useful for fully automatic flight; hence, only precision approaches are considered further. Yet it ought to be remembered that, at present, even major airlines operate in Africa, South America and Asia where frequently the provision of navigation aids does not match that available in Western states; consequently, aircrew of major airlines may have to fly non-precision approaches in these regions. Fully automatic flight, which will require the implementation of free flight to succeed, should be operational throughout the area~of the world where navigation satellite coverage is good.
ILS
Although ILS is frequently referred to as the Instrument Landing System, it ought more correctly to be called the Instrument Low Approach System. Maintaining the distinction has some value since the ILS has insufficient accuracy (owing to the nature of the propagation characteristics associated with the transmission frequencies involved) to permit its use by an aircraft down to touchdown, although ILS is an essential component at present of every aircraft automatic landing system.
The ILS involves several independent low power radio transmissions: 1. The Localizer which provides information to an appropriately equipped aircraft about whether it is flying to the left or the right of the extended centre-line of the runway to which it is heading. 2. The Glide Path (or Glide Slope in American usage) which provides an appropriately equipped aircraft with information about whether it is flying above or below a preferred descent path (nominally 3 degrees) for the airport at which the aircraft intends to land. 3. Marker Beacons which are used by an aircraft carrying out ILS approaches to establish its precise position at fixed points from the runway threshold.
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Categories I and II permit approaches down to the DHlRVR combinations defmed in Figure 4 . Category IIIa allows an aircraft to make an automatic landing by providing an automatically-controlled flare phase, with the pilot taking over control of the aircraft at the point of touchdown. Category IIIb allows an aircraft to use automatic flare and roll-out, with the pilot assuming control at some distance along the runway after touchdown. Category IIIc allows a totally automatic landing with automatic taxying back to the stand; no operational system has yet been certified as being able to provide Category IIIc performance. When an ILS installation at an airport runway is certified to provide Category III information, the Inner Marker has to be present; it is absent from Cat. I & II systems. When installed, it is located at a distance of305m (1000 ft.) from the runway threshold; for an intended touchdown point some 365m (1200 ft) from runway threshold this location of the Inner Marker means that an aircraft correctly positioned on the glide path will be at a height of 115 ft (35m) above the ground. This height is sometimes used as the Decision Height.
Provided that an aircraft is equipped with the necessary airborne receivers and aircraft antenna systems for the localizer, glide path, and marker transmissions, it will have available in flight signals which indicate its location left/right of the runway centre-line, and its position abovelbelow the' glide path depending upon whether the demodulated 90 Hz signal is greater than the 150 Hz signal, or vice-versa. (See Figure 2) Using the output signal from the localizer receiver, an ILS Localizer-coupled control system can be arranged which will steer the aircraft automatically to the runway and minimise any deviations from the required centre-line path. A block diagram of such a system is shown in Figure 5 . ILS equipment is located only at airports with a runway of length greater than 1OOOm.There are more than 5700 runways in the USA which are 3000 feet or longer; of these only 1300 are equipped with ILS. 1100 of these ILS-equipped runways are Category I, 56 are Category II and the remainder are Category Ill. There are, by contrast, 100 Cat II and III runways in Europe. The reason for this apparently heavy representation of high ILS category runways in Europe, where there are many fewer runways than the USA, is the prevailing weather conditions. What distinguishes landings into various categories are the conditions of visibility which prevail at the vicinity of the airport .. These categories are summarised in Figure  4 from which it can be seen that each category is defined as a combination of the decision height (DH), i.e. the minimum permitted ceiling for vertical visibility for the landing to proceed, and the rimway visual range (RVR), which is a measure of the extent of the horizontal visibility at runway level.
ILS Localizer-coupled System
Sited lo provide S5±S ft runway threshold crolSing height A pictorial representation of the transmission patterns of the ILS localizer and glide path is shown as Figure 2 . The locations of the transmitters and their associated antenna systems in relation to a runway are shown in Figure 3 . /... represents the measured angular deviation from the runway centreline. In this system great care is needed in the choice of controller gains since the beamwidth of the system is very narrow (~3 degrees). There should also be shown in the transfer function of the localizer receiver the dynamics of low-pass filters which are necessary to remove 90 and 150 Hz modulation tones from the output signals. The range over which the system operates does not need to be very great, usually less than 15 miles. The sys-1200 tern cannot operate below a certain minimum value of range, otherwise the open-loop gain increases beyond a certain critical value and the closed-loop system becomes unstable. Note that the localizer-coupled system operates Measuremem+Control m + Feature through the aircraft's existing bank angle control system. If the initiallocalizer interception is at a large angular deviation and if the proportional gain of the coupling controller is moderately large, then the commanded bank angle may be excessive -too large for the pennitted aircraft banking manoeuvres. To avoid this all practical localizer-coupling control systems have limiting circuits on the roll rate and also on the commanded bank angle. A block diagram representation of the geometry is shown in Figure 6 . For analytical simplicity, 'VR£F can be taken as zero without loss of generality.
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NOI.: -R _ R(r) Figure 6 : Block diagram oflLS geometry. Figure 6 is a component of the localizer-coupled system block diagram shown as Figure 5 : it is denoted in that diagram as the Aircraft Kinematics.
Glide-path Coupled System
This system uses the output signal from the airborne glide path receiver as a guidance command to the pitch attitude control system of the aircraft. The loop is closed via the aircraft kinematics which transfonn the pitch attitude of the aircraft into a displacement from the preferred descent path (the glide path) into the airport. The situation is represented in Figure 7 . The glide path angle is denoted by YG and its nominal value is -3 degrees.
If an aircraft is flying towards an airport, but is displaced below the glide path by a distance d, that distance is taken as negative (see Figure 7b ).
If the value of the aircraft's flight path angle is -3 degrees, the displacement -is zero. Any angular deviation from the nominal glide path is measured by the airborne glide path receiver: that deviation depends upon both the displacement, d, and the range of the aircraft from the glide path transmitter. A block diagram representing this geometry is shown in Figure 8 .
Since the flight path angle of the aircraft is defined by:
Y=6-x
(1) the most effective way of controlling the flight path angle is to use a pitch attitude control system, with a pitch rate SAS as an inner loop (to control any changes in the angle of attack, a , which may arise as a result of the aircraft's elevator being used to drive the aircraft back to the glide path).
The block diagram of a typical glide. path coupled system is represented in Figure 9 . The transfer function, G (P), of the gLide-path-coupling controller represents a proportional plus integral controller. The additional phase advance tenn provides extra stabilisation. The integral term has been included so that there are no steady-state errors, which would represent seriously degraded landing performance.
It has been assumed so far in this account that the aircraft's forward speed is constant throughout the coupled approach. This is never the case. The speed is usually reduced steadily throughout the trajectory from the approach speed to the lower landing speed by means of an independent airspeed control system.
Automatic Landing System
Although the contribution to the development of airborne automatic landing systems has been international, the basis of most of the operational systems in use throughout the world is the system developed by the Blind Landing Experimental Unit (now disbanded) of the Royal Aircraft Establishment. It makes use of the ILS. The entire automatic landing sequence is made up of a number of phases 
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Feature + which are represented in Figure 10 .
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Microwave Landing Sytem(MLS)
Normally the control used is:
The addition of the integral term to secure the accuracy required and the need to remove, by filtering, any noise present in the signal from the radio altimeter tends to destabilise the closed-loop system. It is customary, therefore, to include with the feedback terms a phase advance network to improve the overall stability. Because the idealised trajectory is exponential it will take infinite time to reach zero height. In the OK this theoretical difficulty is by-passed by setting h REF to -1.5ft thereby enswing that the wheels will touch the runway at a time close to 5T seconds.
The performance of ILS is severely degraded in many airports, and it was decided to replace it over a number of years from 1998 with the microwave landing system. An MLS installation is more expensive than the ILS which it is intended to replace, but it provides much improved performance and increases the operational efficiency of the airport where it is installed. The first phase starts at the outer flare manoeuvre; the control system must control the aircraft's height and its rate of change such that the resulting trajectory corresponds as closely as possible to the idealised exponential path shown in Figure 11a , while at the same time causing the aircraft to rotate in a fashion similar to the representation ofFigure lib. A MLS involves five ground stations (see Figure J3) :
(1) The front azimuth (AZ) transmitter, located on the extended runway centre-line, at the far end of the runway, corresponds to the localizer transmitter of the ILS;
(2) The back azimuth (BK AZ) transmitter, located on the runway centre-line, but at the runway threshold, provides Back Course approach information which is used with ILS approaches in the USA, but not in Europe;
(3) The elevation (EL) transmitter, located on the left of the runway some 300m from the runway threshold, corresponds to the Glide Path transmitter of the ILS; (4) The Flare Manoeuvre (FL) transmitter, on the left of the runway at a distance of IOOOm from the runway threshold, has no corresesponding transmitter in the ILS; (5) The Distance Measuring Equipment (DME) transmitter which provides aircraft with a measurement of distance-togo to the runway. Sometimes a precision version (DMEIP) is llsed. Note that the use of DME precludes the need for Marker Beacons as used in the ILS.
MLS uses a technique called the Time Reference Scanning Beam (TRSB). The first four of the five transmitters listed above operate, each in turn, in a cycle which lasts for Mms. See Figure 14 . The equation which governs the idealised exponential trajectory is: (-tl1) (2) where h denotes the height of the aircraft, h o is the height of the aircraft at the start of the flare manoeuvre, T is the control system's time constant, and t represents the current value of time. Usually the touchdown point which is aimed for is 300m from the runway threshold. If it is assumed that the speed of the aircraft does not change much during flare then the law which governs the flare manoeuvre is given by: It should be noted that the aircraft's pitch attitude control system is used: changing results in a change in flight path angle and, consequently, in a change in the aircraft's height. Because the heights involved are very low, accurate and rapid measurement of height is required for this system. Consequently, a low-range radio altimeter is used. Atis the time difference between the receplion of!he forward and backward Figure 15 : TRSB principle.
The extent of the sector coverage of the MLS can be inferred from Figure 16 . Ll = 1575.42 MHz; L2 = 1227.60 MHz. The use of two frequencies is needed to correct for uncertainties which arise from propagation through the ionosphere.
Ll is modulated in quadrature by two pseudo-random codes: (i) a coarse/acquisition (C/A) code; and (ii) a precision (P) code. The CIA code has a frequency of 1.023 MHz and repeats itself every lms. The P code is classified and is available only for US military use. It is created from the product of two pseudo-random com-and is modulated at a frequency of 10.23 MHz. It repeats itself every 7 days. The L2 signal is modulated only by the P code.
The specific code sequences broadcast by each satellite are different, and are used by the aircraft's GPS receiver to distinguish the satellites from each other. A GPS navigation system has three major components: an antenna; a receiver with a pre-amplifier; a computer to process the signal information. This navigation system performs three tasks: 1. acquisition 2. measurement 3. processing of the signals of 4 geometrically-optimum satellites. If less than 4 satellites are visible, the aircraft's height, speed and heading (obtained from an on-board Inertial Navigation system) are used with the signals from the visible satellites to obtain a fix. When the signals are processed,. the aircraft's position in relation to the ground is established in a co-ordinate system useful to the aircrew (e.g. latitude, longitude, and height) by solving the GPS navigation equation in a recursive fashion.
GPS navigation systems for aircraft are designed to select a set of satellites which minimise the navigation errors. The optimum set of 4 satellites to be tracked is determined from the geometry relating the aircraft and the satellites in view. The best choice is that which minimises the geometrical dilution of precision (GDOP).
Although GPS navigation can provide adequate (to within 3m) lateral position (x,y) accuracy for approaches, the accuracy for height (z), which is of the same order, is inadequate for Cat. III landing peformance, although with specially modified equipment, Cat II landing approaches can be achieved in favourable situations. At present, however, only Cat. I landing approaches using GPS are operational. Extensive development, however, is taking place internationally to eventually achieve Cat. Ill. Many of the latest long -haul transport aircraft use multi-mode receivers with suitable antennas such that ILS, MLS, or GPS can be used when available. This approach has been adopted by airlines, partly to be able to use the best information when it is available, and partly as a reflection of airline disquiet that the exclusive ownership of the GPS by the Department of Defense of the USA might mean that the GPS signals may not always be universally available. Moreover, the physical satellite coverage is poor at the Poles. The North Polar region, in particular, is especially serious, for the lack of GPS ( in fact, any radio navigation information) is inhibiting the development oftrans-polar flights which are especially attractive, from an economic standpoint, for flights between the Eastern coast ofthe USA and the Far East. In TRSB the AZ and EL transmitters produce narrow beams (I~3 degrees) which are rapidly scanned to and fro, and up and down, across the region being covered. The lateral and vertical positions of the aircraft within the region being covered are detennined from the difference in time between the beams crossing the aircraft's antenna. On board the aircraft these signals are received on a single UHF navigation receiver in which they are decoded. The output signals from the receiver are used in the cockpit display or as inputs to the aircraft's automatic approach and landing system. How the difference in time is defined is shown in Figure 15 . GPS is the principal satellite navigation system for aeronautical use. Its Space Segment, a constellation of 21 active and 3 spare satellites in sub-synchronous orbits at altitudes of approximately 20,183 -20,187 km, and with a period of 12 hrs, has 3 -4 satellites arranged in 6 orbital planes inclined at 55 degrees to the equator. These planes are separated in longitude from each other by 60 degrees. Each satellite transmits its information on two L -band frequencies:
